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#Abstract 
The purpose of this project was to examine if TrCel12A facilitates the potential of TrCel7A  to 
hydrolyse cellulose by creating more attack points or more exit points. This synergy of the two 
cellulases was investigated with two different investigation approaches - a time-dependent 
biosensor measurement and a time-independent PAHBAH measurement. An increase in Vmax 
was observed for the treated samples compared to untreated samples. The Vmax values for; 
untreated, 1 hour pre-treated and ON pre-treated were 1.35*10-2 µM/s, 4.08*10-2 µM/s and 
3.91*10-2 µM/s respectively. Additionally, increases in koff rate vales were shown for the treated 
samples compared to the untreated samples also showing a slight reduction in processivity for 
the pre-treated. The koff rates observed for; untreated, 1 hour and ON were 4.448*10
-3, 
1.506*10-2 and 2.946*10-2 µM/s respectively. This suggests in line with other literature that 
TrCel12A cleaves proximally to amorphous regions creating more exit points and reducing 
amount of obstacle hindrance that TrCel7A would typically encounter.  
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#Introduction 
Current climate change has been largely attributed to the usage of fossil fuels and other non-
renewable resources (Payne, et al., 2015). Bi-products from both production and utilization of 
these fuels are considered major constituents contributing to chronic build-up of atmospheric 
carbon-dioxide concentrations that give rise to a trending warmer climate with numerous 
deleterious implications (Payne, et al., 2015). In light of escalating worldwide energy demands 
along with the concerns associated with utilization of traditional energy resources, alternative 
energy sources must be found along with relevant elucidation of methods required to efficiently 
harness said energy in a way that satisfies an increased environmental scrutiny. Pundits proffer 
that an obvious and viable mitigation of these detriments would be potentiating biomass as a 
renewable carbon-based resource that additionally yields dramatically attenuated carbon 
footprinting (Zhang, Percival, & Lynd, 2004). 
Cellulose is a prolific plant-based lignocellulosic biomass that has long been cited as a strong 
candidate as an alternative energy resource to current traditional energy sources - a promotion 
underscored by merit of its inherent renewability, prevalent availability and low cost (Zhang, 
Percival, & Lynd, 2004). Recent decades have seen the rise and use of biochemical processes 
that are capable of converting this lignocellulosic biomass to biofuels for effective use as an 
energy source. However, certain technical challenges have been met with the conversion of 
cellulose to biofuels - specifically, the heterogeneity and recalcitrance of cellulose as a 
substrate for the bio-processes required for said conversion from cellulose to biofuels (Yang, 
Willies, & Wyman, 2006). The simplified crude steps for refinement of biomass into fuels and 
chemicals that represent alternative energy sources are shown in Figure 1. 
 
 
 
 
 
 
 
Figure 1.Biomass is pre-treated with enzymes and heat before being enzymatically hydrolysed into sugars that 
are subsequently available for further processing into fuels and chemicals. 
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Although usage of cellulose is deemed as a major potential offset to burgeoning environmental 
implications that result from traditional fossil-fuel use, economic viability must still be sought 
in order to justify the alternate energy source as a lucrative endeavour worthwhile pursuing. 
Current biotechnology highlights problematic steps in the conversion process and concretely 
identifies the step of depolymerization of cellulose into resultant sugars as the major cost-
burden. This enzymatically catalysed hydrolysation of the cellulose polymer is in fact the 
second of two depolymerization steps, with the first being pre-treatment with a variety of 
different methods including, but not limited to; dilute acid, hot water, steam explosion, 
ammonia fibre expansion, alkaline, lime and maleic acid (Zhang, Percival, & Lynd, 2004). The 
large cost-burden associated with enzymatic hydrolysis is largely due to the high cost of 
cellulolytic enzymes required for the depolymerization. Even so, cellulolytic enzymes are 
considered highly viable catalysts given their high selectivity for production of relevant 
bioethanol precursors, while not compromising reaction efficacy via bi-production of catalyst 
inhibitors compared to those resulting from temperature deconstruction (Zhang, Percival, & 
Lynd, 2004). This obvious industrial relevance has provided impetus for further 
characterization of cellulolytic enzymes in order to further potentiate efficiency and economic 
viability (Payne, et al., 2015).  
In nature, certain species of lower-form organisms have evolved the ability to utilize cellulose 
as an energy source. The filamentous fungus Trichoderma reesei is one such organism that has 
evolved a comprehensive enzyme matrix to facilitate metabolism of cellulose (Zhang, Percival, 
& Lynd, 2004). It is widely understood that this complex matrix of enzymes has evolved in 
such a way so that breakdown of the recalcitrant cellulose is possible, with synergism between 
the matrix enzymes being an extremely important determinant of cellulose digestion (Yang, 
Willies, & Wyman, 2006). Currently, accumulated research into mechanistic function of 
cellulases has elucidated two distinctive paradigms termed the ‘free enzyme’ and 
‘cellulosomal’ paradigm. Tricoderma reesei explicates the former paradigm regarding its 
employment of enzymes. Specifically the free enzyme paradigm posits a model of activity 
whereby endoglucanases (EGs) cleave the cellulose chains in the amorphous regions into 
shorter chains subsequently producing more reducing and non-reducing ends. Both reducing 
and non-reducing ends are then complexed by cellobiohydrolases (CBHs) with specificity for 
either end, which move along the chain cleaving every second covalently linked glucose 
monomer unit therefore typically producing a disaccharide sugar, namely cellobiose. ß-
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gluconases then work to hydrolyse these disaccharides into single glucose units which are 
further processed to ethanol for biofuels (Zhang, Percival, & Lynd, 2004).  
In the past decades, synergistic activity between the so called non-processive EGs and the 
processive CBHs has been shown (Yang, Willies, & Wyman, 2006). Not only that, as is the 
case for in nature, it is accepted that this synergy is necessary for efficient breakdown of 
cellulose within an industrial setting also, and synergy between cellulases, specifically between 
the so-called processive and nonprocessive cellulases has been repeatedly highlighted as a 
pivotal area for further study for further improving digestion rates of cellulose (Cryus-Bagger, 
Elmerdahl, Praestgaard, Borch, & Westh, 2013) (Yang, Willies, & Wyman, 2006).  
Synergism is the activities of the different cellulases to break down cellulose – these activities 
complement each other. The behaviour of synergism has been discussed in the context on 
enzyme-substrate and enzyme-enzyme cooperation. (Bhat MK., 1997) 
All three categories of enzymes (EG, CBH and BG) come under the general heading of 
glycoside hydrolases (GHs). The simultaneous action by an EG, CBH and BG brings about the 
hydrolysis of the cellulose with the cellulose chain as the point of attack (Figure 2) (Zhang et. 
al, 2006). 
 
 
 
 
 
 
 
 
 
Figure 2.Mechanism for the enzymatic cellulose hydrolysis by Tricoderma non-complexed cellulase system 
(Source: Zhang 2006) 
 
 
Our current understanding would demonstrate four typical synergisms in cellulase hydrolysis. 
The first one is the synergy between exo- and endo-type cellulases. The second is synergism 
between exocellulases directed from both the reducing and non-reducing ends of the cellulose 
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strains. The third is synergism between endo- or exo-type cellulases and finally the synergism 
between BGs and other cellulaseses. (Bhat MK., 1997) 
 #Project aim 
Here, in this project, our aim remained to study the monocomponent activity and kinetics of 
TrCel7A, which will be measured on the substrate previously pre-treated with TrCel12A.  This 
approach is focused on the effect that TrCel12A has on the TrCel7A activity, which will be 
investigated in the time dependent measurements by CDH biosensor and time independent 
measurements resulting in Michaelis Menten curve. It is hoped that data treated in this way 
may lead to qualitative and mechanistic postulates regarding TrCel12A and its synergistic 
function.  
#Hypothesis   
Does TrCel12A help TrCel7A by creating more attack points or more exit points? 
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#Background 
#Cellulose 
The primary structure of cellulose is well recognized however, the aggregate structure and 
organization of bulk cellulose is not fully understood yet (Bergenstråhle-Wohlert, Malin, & 
Brady, 2012). An understanding of the structure of cellulose is crucial to the complete 
understanding of the enzymatic hydrolysis of cellulose.  
Cellulose is a linear condensation polymer comprising of D-glucose units, joined together by 
β-1,4-glycosidic bonds and with a degree of polymerization (DP) ranging from a 100 to 20,000 
(Zhang et. al, 2006). In this molecule, the successive glucose units are rotated 180 ̊ relative to 
each other making cellobiose – the repeating unit of cellulose. The half-life for the β-glycosidic 
bond cleavage is 5-8 million years at 25°C, rendering the cellulose a very stable molecule 
(Zhang et. al, 2006). Cellulose can fold into multiple crystalline forms and various chemical 
treatments can used to produce these different crystalline forms of cellulose from the naturally 
occurring cellulose I in plants (Payne, et al., 2015) 
Avicel, which is a commercially available microcrystalline cellulose or hydrocellulose, is a 
part of a group of pure cellulose substrates which are insoluble in water and are used for 
cellulose activity assays. Avicel has a modest crystallinity index (CrI) value (Table 1), and thus 
can be taken as a combination of crystalline and amorphous fraction. The ratio of amorphous 
and crystalline fractions differs depending on the origin of the cellulose and this can also be 
varied by numerous treatments. CrI is however an important property in cellulose hydrolysis 
since it influences the degree of recalcitrance of the substrate (Bergenstråhle-Wohlert, Malin, 
& Brady, 2012) (Zhang, Percival, & Lynd, 2004). Avicel is considered a good substrate for 
measuring the exoglucanase activity but is also known to work considerably well with EGs 
(Zhang et. al, 2006). The structure of cellulose is shown below (Figure 3). 
Table 1.Summary of typical values of microcrystalline cellulose for crystallinity index (CrI), the fraction of β-
glycosidic bond accessible to cellulase (Fa), which is estimated by maximum cellulase adsorption capacity 
(Zhang and Lynd, 2004b), the number average of degree of polymerization (DPN), the fraction of reducing ends 
(FRE), and relative ratio of FRE/Fa (Source: Zhang 2006) 
  
 
Substrate Crystallinity index, 
CrI 
Fraction of β-
glycosidic bond 
accessible to 
cellulose, Fa (%) 
Number average of 
degree of 
polymerization, 
DPN 
Fraction of reducing 
ends, FRE (%) 
Relative ratio of 
FRE/ Fa 
Low High Low High 
 
Microcrystalline 
cellulose 
 
0.5-0.6 
 
0.6 
 
150-500 
 
0.2 
 
0.667 
 
0.333 
 
1.11 
11 
 
 
 
 
Figure 3.Structure of cellulose shown with 4 D-glucose units. Two glucose units in the parentheses consist of a 
basic block of cellulose. Source: (Li, Du, & Wang, 2010) 
 
 
Cellulases that hydrolyse the β-1,4-linked cellulose molecule are deemed to overcome certain 
challenges. One of the challenges is that the cellulose molecule consists of strong covalent 
bonds which are difficult to break down. Moreover, cellulose microfibrils in plants are 
organised into strongly bonded crystal lattices thereby leaving only a few chains accessible for 
the enzymatic degradation posing another challenge to the cellulases (Payne, et al., 2015). 
#Trichoderma reesei cellulases  
Cellulases of the genus Trichoderma have particularly gained demanding attention due to the 
high concentrations of cellulases secreted (Zhang, Percival, & Lynd, 2004). Trichoderma 
reesei (or Hypocrea jecorina) is a filamentous fungus that hydrolyses the plant material in soil 
by secreting an abundance of various enzymes mainly cellulases (Martinez et al., 2008). GHs 
are extremely proficient enzymes which can lead to rate enhancements (kcat/kon) of up to 10
17. 
This characteristic of the GHs renders them as the most powerful hydrolytic enzymes known 
that do not use metals and other co factors in the hydrolysis process, to this day. In this report, 
we used cellulases of the genus Trichoderma reesei, TrCel7A (CBHI) and TrCel12A (EGIII) 
which belong to Family 7 and Family 12 of GHs, respectively (Table 2). 
 
Table 2.T.reesei celllulases from the Family GH7 and GH12 Source: (Payne, et al., 2015) 
 
 
  
Source Common name Classical name CAZy name 
Trichoderma reesei Cellobiohydralase I CBHI GH7 Cel7A 
Trichoderma reesei Endoglucanase III EGIII GH12 Cel12A 
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TrCel7A (CBHI)  
TrCel7A was the first cellulase to be discovered from the GH7 family (Payne, et al., 2015). 
This enzyme has a two-domain structure with the core consisting of a catalytic domain which 
is linked through an immensely glycosylated linker peptide to a carbohydrate binding molecule 
of family 1 (CBM1). The primary structural characteristic of the wild-type TrCel7A is two 
large β-sheets curved and arranged antiparallel to each other, forming a large groove where the 
active site persists (Figure 4A). The highly curved β-sheets contain a concave and a convex 
surface with loops that joining the seven and eight β strands, respectively. The loops in the 
convex region are mostly short while those in the concave region are rather long. All together 
this results in a ~40Å long tunnel which is the binding site of the cellobioside byproducts and 
the active site of the TrCel7A (Figure 4B) According to the Michaelis complex (Payne, et al., 
2015), this tunnel consists of 10 glucosyl-binding sites. A cellulose chain enters at the -7 
binding site. The hydrolysis of the cellulose occurs between -1 and +1 and +1/+2 act as the 
sites of the product (Figure 4E). 
 
 
               
Figure 4.(A) TrCel7A view from side, exhibiting the β sandwich structure that is characteristic of GH7 enzymes. 
TrCel7A was the first GH7 structure solved and is the best-characterized member of GH7. (B) TrCel7A view 
from bottom showing the more closed substrate binding “tunnel”. (E) TrCel7A Michaelis complex exemplifies 
the standard numbering of the substrate binding sites (catalytic residues shown in green for reference). A 
cellulose chain enters from the −7 site. Hydrolysis occurs between the -1 and +1 sites; thus, the +1/+2 sites are 
termed the “product sites”. Source: (Payne, et al., 2015) 
 
 
TrCel7A is considered as the most crucial enzyme required for the efficient hydrolysis of the 
instinctive crystalline cellulose (Divne, 1994). CBHs from the GH7 family attack from the 
reducing end of the cellulose chain, and continue to carry out a series of hydrolytic events 
before detaching from the cellulose chain. The whole processive cycle is carried out in several 
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steps where first occurs the adsorption to the cellulose surface facilitated by the CBM, followed 
by cellulose chain decrystallization, chain threading carried out through the binding tunnel or 
direct binding using an endo approach, hydrolysis and product expulsion (Payne, et al., 2015). 
TrCel7A could carry out direct binding in an endo manner where their enclosing loops open, 
allowing the entry of the cellulose chain into the active site of the cellulase without the need 
for chain threading. This ability of TrCel7A and other CBHs to carry out the hydrolysis of 
cellulose in an endo fashion is however still under discussion.  
 
The binding tunnel in the TrCel7A is thought to assist the substrate binding in the manner that 
it keeps the single chain of cellulose free from the complete crystal structure of cellulose. When 
the substrate is well bound to the active site, hydrolysis of the β-1,4-glucosidic bond occurs via 
a two-step double displacement mechanism (Figure 5). This requires two key residues namely 
Glu217 and Glu212, where the former acts as a proton donor to protonate the glyosidic oxygen 
and later as a nucleophile to attack the anomeric carbon (C1) to produce a covalent glycosyl-
enzyme intermediate in the first step. Following this, the Glu217 deprotonates a water molecule 
which in turn acts on the anomeric carbon (C1) thus substituting the Glu212 (Li, Du, & Wang, 
2010). One complete cycle of this double displacement mechanism results in the release of a 
cellobiose unit, which preserves the β-orientation of the reducing hydroxyl group that is of 
considerable importance in the identification of the cellobiose in the biosensor assay, similar 
to one used in this report. After the release of the cellobiose as a product, TrCel7A runs along 
the chain to form a productive complex, but product inhibition seems to be a key obstacle in 
the enzymatic hydrolysis of cellulose (Payne, et al., 2015). 
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Figure 5. A scheme showing the Glycosidic-Bond Hydrolysis Mechanism on the activate site of TrCel7A 
according the double displacemement mechanism proposed by Koshland. Source: (Li, Du, & Wang, 2010) 
 
 
TrCel12A (EGIII) 
TrCel12A was the first cellulase from the GH12 family to be discovered. Today it exits as a 
cellulase with most in depth characterization from the GH12 family (Payne, et al., 2015). This 
cellulase which was originally termed as EGIII was referred to as a low molecular weight 
(25kDa) enzyme in several studies. It comprises of 218 amino acids only rendering it a rather 
short cellulase in contrast to the other cellulases discovered from the genus T. reesei to this 
date. Moreover, this cellulase which is established to be only slightly glycosylated is amongst 
one of the three that do not show a CBM and linker, out of all the cellulases identified from the 
genus T. reesei. 
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Figure 6. (A) Atop-down and (B) end-on view of the structure of SlCelB2 (yellow cartoon) is shown aligned 
with the first fungal GH12 cellulose structure, TrCe12A (blue-white cartoon, PDB code 1H8V). In each panel, 
the 2-fluorocellotriosyl ligand from the SlCelB2 structure (PDB code 2NLR) is shown in cyan stick. The 
catalytic residue motif is also shown in stick. (C) A close-up of the glycosyl-enzyme intermediate (PDB code 
2NLR) revealed the SlCelB2 catalytic nucleophile, Glu120, covalently bound to the ligand (yellow and cyan 
stick).872 A second distinct conformation of the 2-fluorocellotriosyl ligand was found bound in the crystal 
structure of SlCelB2 representing the product species from the deglycosylation step of the double-displacement 
mechanism (orange sticks). The TrCel12A active site is shown in blue/white sticks for comparison. Source: 
(Payne, et al., 2015) 
 
 
Similar to the structure of TrCel7A, TrCel12A also consists of a β-sandwich (two β-sheets 
arranged antiparallel). Compact TrCel12A consists of 15 long β strands connected through 
disulphide bonds formed through the two cysteine residues, Cys4 and Cys32. Out of the 15, 6 
β-strands are located in the convex region (A1-6) and 9 in the concave face of the enzyme 
structure (B1-9) with A1 and B1 being nearest to the non-reducing end of the binding cleft 
(Payne, et al., 2015). 
 
The understanding of the exact function of the enzymes from GH12 family in the fungal plant 
degrading system is still under discussion. However, several studies exist that exhibit their 
activity on soluble and insoluble substrates including studies that show that GH12 enzymes 
apart from being endo-β-1,4-glucanases, also exhibit activity against β-1,3/1,4-glucan,  
xyloglucan, xylan  and lichenan.  All GH12 enzymes are therefore said to hydrolyse the 
cleavage of β-1,4-glycosidic linkages in these different kinds of β-glucan preserving the 
anomeric configuration through the double displacement mechanism described earlier (Figure 
5). This mechanism requires two key catalytic residues, also referred as the Glu116 and Glu200 
which are 5.5Å away from each other in TrCel12A, with the former acting as a nucleophile 
and the latter as the acid/base. Additionally a third catalytic residue is required for this 
mechanism, which is termed as the Asp99 in TrCel12A. 
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Processivity 
Quantifying the processive ability of an enzyme is significant when describing the mechanistic 
behaviour of the enzymes and recognizing the possibility of activity enhancements. The 
processive ability of an enzyme, which is referred to as the apparent processivity in the 
scientific literature, is defined as the number of hydrolytic events that are carried out by the 
enzyme for each processive run started (Payne, et al., 2015). Processive enzymes carry out 
these hydrolytic events without detaching themselves from their polymeric substrate which has 
important kinetic implications. These kinetic characteristics of processive enzymes can only 
be explained using deterministic models where processivity is based on a series of suitable 
reactions. Such models have previously been suggested for certain cellulases. Cellulase 
‘processivity’ in particular describes the degree to which a cellulase molecule moves along the 
cellulose chain and releases cellobiose by catalyzing frequently (Hamid, Islam, & Das, 2015). 
Different approaches involving the general principles of pre steady state (transient) kinetic 
analysis are broadly used to measure the activity of non-processive enzymes however for 
processive enzymes, there are some experimental limitations. Assays used to measure the 
activity of processive enzymes are usually difficult to perform rendering it difficult to obtain 
the required experimental data specifically continuous data within a short time scale. Moreover, 
the mathematical analysis of the transient kinetic analysis gets quite complicated, where non 
experts find it difficult to promptly modify and adjust the vital equations with the changing 
conditions. Altered versions of Michaelis-Menten equation where the basic reaction scheme is 
non-processive, have however been used for assessing the activity of cellulases for reasons that 
they can efficiently fit experimental data.  
Processivity is rendered an important mechanism for the successful enzyme hydrolysis of 
insoluble substrates e.g. cellulose (Cryus-Bagger, Elmerdahl, Praestgaard, Borch, & Westh, 
2013). Various other techniques are used to measure the processivity of an enzyme but as said 
earlier, they come with some limitations as the measurements obtained through different 
approaches are not readily comparable. Processivity measured in terms of the soluble products 
produced, for instance, requires some assumptions to be made such as the initial binding mode 
of the enzyme whether it is exo, endo or both in case of some enzymes. This approach leaves 
room for misconceptions or overestimation of the processive ability. Another factor that could 
affect the soluble product approach used for the measurement of processivity is the choice of 
the substrate where the number of free chain ends could significantly affect the results. In this 
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project we have estimated the processivity from the time depenedent hydrolysis curve which 
is described later under results. 
#Time dependent measurements of synergy 
Biosensors are designed to detect cellobiose formed from the breakdown of cellulose in a 
solution, we therefore use it to evaluate TrCel7A hydrolysis. There exists other methods of 
detecting this breakdown but biosensors were developed to continuously monitor this 
degradation of cellulose; in other words, this would introduce a time dependent set of data 
which would help observe any synergy between cellulase enzymes such as in the case of this 
study, TrCel7A and TrCel12A. 
The way biosensors measure formation of cellobiose is due to the enzyme (CDH) and the 
electrochemistry occurring within the sensor. Each cellubiose unit cleaved off is converted to 
cellobinolactone by CDH, triggering a chain reaction which leads to an electron discharge. This 
discharge, multiplied by the depending quantity of cellobiose produced, initiates an electric 
current which travels through the carbon paste of the biosensor and is then detected with an 
ammeter as demonstrated in Figure 7. 
 
Figure 7.Illustration of CDH and electrochemical dependent reaction measuring concept behind the biosensor. 
 
The graphs attained from these measurements allow for the calculation of the maximal rate as 
well as the initial rate, if it differs, of an enzyme such as TrCel7A.  
The preparation of each individual biosensors before and after every 1-2 measurements consists 
of developing a calibration curve which would be used to process the raw data gotten from the 
biosensor. This calibration curve (Figure 8) is crucial for accurate readings as it estimates the 
biosensors sensitivity and noise reception.  
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Figure 8.Example of a biosensor calibration curve. 
 
 
#Time independent measurements of TrCel7A hydrolysis 
Time independent measurements of TrCel7A hydrolysis are measured when the reaction rate 
is at steady-state. The reaction rate is the change in product per time and this is constant at 
steady-state. In other words the change in rate per time is zero. This can be expressed by: 
𝑑[𝐶𝑒𝑙𝑙𝑜𝑏𝑖𝑜𝑠𝑒]
𝑑𝑡
= 0                 (1) 
It is assumed that the hydrolysis of cellulose is at steady state after 3600 seconds, and at that 
time Eqn. (1) is equal to 0. (Cryus-Bagger, Elmerdahl, Praestgaard, Borch, & Westh, 2013) 
When the hydrolysis is at steady-state an easy way to detect the reaction rate is by using 
PAHBAH assays. PAHBAH assays are designed to detect sugar molecules with reducing ends. 
4-hydrixybanzoic acid hydrozide (PAHBAH) attaches to the reducing ends of sugar molecules 
which makes it ideal to use when measuring the amount of cellulose has been hydrolysed by 
cellulases. The reduced sugar molecules can be detected by spectroscopy because the reaction 
with PAHBAH yields a yellow colour (Andrea Mellitzer, 2012). 
This time independent measurement can be used to make a Michaelis Menten curve. A curve 
expressing the relationship between the substrate concentrations (S0) and steady-state rate (V0) 
has the same general shape for most enzymes – it approaches a hyperbolic function. This can 
be expressed by the Michaelis Menten equation: 
𝑉0 =
𝑉𝑀𝐴𝑋𝑆0
𝐾𝑀 + 𝑆0
              (2) 
19 
 
This relationship between substrate concentration and reaction rate is used in this project to 
address the synergy of TrCel12A and TrCel7A quantitatively (Chen, Niepel, & Sorger, 2010). 
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#Materials and Methods 
Figure 9.Project scheme indicating two approaches for the investigation of the synergy between TrCel12A and 
TrCel7A.  
 
#Time dependent measurements 
The cellobiose dehydrogenase (CDH) enzyme biosensor was used to measure the real-time 
activity of TrCel7A on the insoluble cellulose substrate (Avicel) which is pre-treated treated 
with TrCel12A.  
The experiment setup included three concentrations of the Avicel substrate; 1g/L, 5 g/L and 
50g/L - all of which were incubated with 1µM TrCel12A at 25°C for both 1 hour and overnight 
(ON) (approximately 17 hours). Furthermore, blank samples containing the three Avicel 
concentrations were not treated with TrCel7A and used in order to compare the effect of 
TrCel12A on the substrate blanks. Next, cellulose was washed according to the optimized 
procedure. The pre-treated and washed substrate was used in the biosensors measurements to 
measure the real time activity of TrCel7A.  
For best results, the biosensors were manufactured a day before the measurements took place. 
Assembling a biosensor consists of preparing two parts; the carbon paste and the enzyme mix. 
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For each sensor, graphite powder (90.0 mg) is mixed with 8 wt% p-benzoquinone (10.0 mg) in 
an agate mortar. After a couple minutes of mixing, 25 wt% liquid paraffin (35.0 µL) is added 
and mixed for another 10 minutes to complete the carbon paste. The paste is then hard packed 
into the carbon paste holder of the electrode with a working area of 0.071 cm2 and the surface 
is polished with waxed weighing paper. The enzyme mix is prepared with a 1:1 solution 
containing PcCDH (Phanerochaete chrysosporium cellobiose dehydrogenase) and 1% 
glutaraldehyde. A 10 µL aliquot is then added to the polished surface of the carbon paste and 
set to dry at room temperature for 30 minutes and then stored overnight at 4°C and 100% 
humidity. To achieve the highest level of humidity available, the electrode is stored in an 
airtight container with the base filled with Milli-Q water. The biosensors are ready for use the 
morning after. After usage, the electrodes are stored with the enzyme end submerged in 
standard buffer as this conserves sensitivity. 
The electrochemical setup consists of connecting three electrodes, the enzyme-modified 
electrode as the working electrode, otherwise known as the biosensor described above, an 
Ag|AgCl|3M NaCl electrode used as the reference electrode and a platinum coiled wire as the 
auxiliary electrode. An analog potentiostat was used for potential control between the working 
and reference electrodes (fixed at +0.5 V) and for the detection of current which was then 
connected to a computer through a digital multimeter. The electrochemical measurements were 
conducted in a water-jacked glass-cell connected to a water bath (25 °C). 
Before each measurement, the sensitivity of the used biosensor is measured and calculated 
through a calibration curve. The calibration curve is prepared from a number of consecutive 
injections (5 µL) of cellobiose (2 mM) with a 100-µL syringe into the glass-cell with a time 
interval of 1 minute. After at least 5 injections, a calibration curve takes shape. (See examples 
of calibration curves in appendix 1) 
The samples were measured in duplicates and the average was taken as a result. 5ml of the 
substrate was used and TrCel7A was injected with an initial 1 minute delay to a final enzyme 
concentration of 100nM. TrCel7A activity was recorded for another 5 min. After every second 
measurement a calibration was done in order to update the sensitivity of the biosensor, which 
may be lost due to desorption or inactivation of CDH. 
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Optimization of the washing procedure 
To observe the effect TrCel12A has on the activity of the TrCel7A, it was essential to remove 
TrCel12A from the substrate before the biosensors measurement. The optimization experiment 
was done in order to test the efficiency of the washing procedure of the TrCel12A pre-
treatment. To ensure the removal of the remaining enzyme, Avicel samples were washed 6 
times with the standard buffer (SB) heated to 50°C. We assumed that after the treatment with 
TrCel12A a general, enzymatic equilibrium was formed: 
𝐸 + 𝑆 ⇌ 𝐸𝑆 ⇌ 𝐸 + 𝑃 
Hence, according to the enzymatic equilibrium a certain amount of the enzyme stays free in 
the solution. The replacement of the initial solution with the heated SB would shift the 
equilibrium and release the enzyme the enzyme-substrate (ES) complex to the solution, 
especially because TrCel12A shows the highest activity at 50°C (Karlsson, Siika-aho, 
Tenkanen, & Tjernald, 2002). Lastly, the samples were incubated for 10 min at 80°C in order 
to deactivated any remaining TrCel12A in the sample, as at 80°C TrCel12A does not 
demonstrate catalytic activity (Karlsson, Siika-aho, Tenkanen, & Tjernald, 2002).  
Two different approaches were used while washing with the standard buffer, initially by 
washing with an equal volume of the buffer as the volume of the withdrawn solution. However, 
due to the impracticality of this method the samples were washed with fixed volumes of buffer 
for each sample.  
The experiment was validated by measuring the autofluorescence of TrCel12A (Figure 10). 
The samples from the initial solution, as well as after every washing step were taken and 
measured for fluorescent signals. The concentration of TrCel12A was read through the use of 
the standard prepared in the range from 0 to 1 µM. The results were then converted to the 
number of µmol of the TrCel12A. 
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 B 
 
Figure 10.The graphs show the concentration of the free TrCel12A in the supernatant of the cellulose sample. 
The trails included the three kinds of treatment of the substrate: no pre-treatment with TrCel12A – blank, 1 hour 
incubation with 1µM TrCel12A (A) and overnight incubation with 1µM TrCel12A (B). Point zero indicates the 
concentration of the free enzyme in the initial supernatant. Graphs in (A) and (B) show the decreasing 
concentration [µM] of the free TrCel12A in the substrate after 1h incubation and ON incubation respectively. 
The tables indicates the concentration of the free enzyme in the initial sample and after each washing step.  
Each trail included three different concentration of the substrate – 1g/L, 5g/L and 50g/L. Signal from the blank 
sample was extracted from the signals from 1h and ON incubated substrates before calculating the free enzyme 
concentration. (n.d. stands for “not detectable”) 
 
 
 
1h 
incubation  
Concentration of the free EG3 
in the supernatant [µM] 
1 g/L 5 g/L 50 g/L 
Initial 
supernatant  1,05 0,89 0,68 
1 wash 0,022 0,074 0,28 
2 wash 0,00063 0,0068 0,13 
3 wash 0,00053 0,0010 0,035 
4 wash 0,00010 0,00024 0,016 
5 wash 0,00049 0,00027 0,0072 
6 wash 0,00011 0,00047 0,0019 
ON 
incuabtion 
Concentration of the free EG3 in 
the supernatant [µM] 
1 g/L 5 g/L 50 g/L 
Initial 
supernatant  1,02 1,14 0,82 
1 wash 0,038 0,060 0,26 
2 wash 0,00083 0,0035 0,069 
3 wash n.d. 0,0001 0,020 
4 wash n.d. n.d. 0,0084 
5 wash n.d. n.d. 0,0033 
6 wash 0,0029 0,0040 0,0057 
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Added TrCel12A had final concentration of 1µM in the 50ml of the total volume of the 
substrates. The concentration of the free enzyme in the initial supernatant, taken just after the 
incubation period was lower in the 50g/L substrate (Figure 10A, 10B), both in the case of 1h 
incubation and ON incubation. Free enzyme concentration could not be detected for all the 
washing steps, as the lowest value that could be read from the TrCel12A standard curve 
methods could not detect the concentration below 0,001µM. Therefore, the washing samples 
values below that limit were shown as not detectable.  
However, Figure 10 shows the certainty of the removal of TrCel12A from the samples, where 
around third wash presence of TrCel12A in all substrate samples, was significantly reduced. 
The pre-treated samples were used for the biosensor measurements. (See data in appendix 2) 
#Time independent measurements  
The assay is used to measure the total concentration of the sugars with the reducing ends due 
to the hydrolysis of TrCel7A or TrCel12A. In this project PAHBAH assay was used for two 
purposes. Firstly, an assay was used in order to ascertain whether the treatment with TrCel12A 
would reduce the concentration of the cellulose before the biosensor measurement investigating 
TrCel7A activity. Secondly, to obtain the time-independent activity of the TrCel7A on the 
substrate pre-treated with TrCel12A. In both measurements substrate with eight different 
concentrations was used;  0g/L, 1g/L, 2,5g/L, 5g/L, 10g/L, 25g/L, 50g/L and 80g/L. Samples 
concentration was read from the cellobiose standard prepared within the range from 0 to 2mM. 
Some standard/sample (50µl) was mixed with the PAHBAH solution (75µl) and incubated for 
10 minutes at 95°C, and then cooled to 20°C. Subsequently, 100µl of each sample was 
transferred to the clear, no lid 96-well microplate in order to read the absorbance at 410nm 
through a fluorometer. 
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#Data Analysis 
 
A way of describing the processive breakdown of cellulose by cellulases is shown in the 
Scheme 1. 
 
 
 
Scheme 1. Reactions for the processive hydrolysis of a cellulose strand with m cellobiose units (Cm). E is the 
processive enzyme and C is the end product, cellobiose. (Source: Cruys-Bagger, 2013) 
 
This reaction scheme describes how the enzyme (E) combines with the substrate strand 
consisting of m cellobiose units (Cm) to form an activated complex (ECm). This association is 
dictated by a rate constant called pkon. The “p” in front of symbol is just an indication that it 
pertains to the processive mechanism in the reaction. Now the activated complex is allowed 
two decay routes. It may either dissociate (pkoff) or go through a catalytic cycle (pkcat) to produce 
a product, in this case cellobiose, and a new activated complex with a slightly shorter substrate 
strand (ECm-1) is produces. These two decay routes are possible for all subsequent complexes 
(ECm-1, ECm-2, … ECm-n) until dissociation eventually occurs after a mean of n sequential steps. 
This simplification appears reasonable in cases where n << m, but is probably not reasonable 
if the whole strand is hydrolyzed in one processive run, because enzyme-substrate interactions 
will differ in the last catalytic step, when the length of the substrate chain becomes comparable 
to the dimensions of the active cleft in the enzyme. 
Reaction Scheme 1 is from Cruys-Bagger et al. 2013 and used to derive different mathematical 
explanations for describing kon, koff, kcat and n. (Cryus-Bagger, Elmerdahl, Praestgaard, Borch, 
& Westh, 2013) 
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#Time dependent measurements – biosensor 
From the biosensor data a graph was made that shows the speed in which TrCel7A hydrolyses 
cellulose over time. 
 
 
Figure 11.Illustration of the biosensor measurement of the 50 g/L with no pre-treatment and its derivative. The 
derivative shows the initial burst in activity for TrCel7A with a mark for where the reaction is at steady-state 
(150-250 sec).  
 
These graphs show that the hydrolysis was at steady-state after approximately 100s. The time 
interval chosen in this project is between 150-250 sec. From the time interval where the speed 
reached the steady-state a linear regression on the original biosensor measurement was made 
and the slope and intercept were calculated. The intercept represent the processivity of TrCel7A 
(see explanation below) and the slope represents the rate that TrCel7A hydrolyses the cellulose 
at steady state. Because the slope is a rate or a speed, it is time independent and can be compared 
to V0 from a Michaelis-Menten curve.  
 
 
 
 
 
 
 
Figure 12.Biosensor measurements from 50 g/L with no pre-treatment, with a linear regression for the steady-
state rate to mark the slope and intercept.  
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The intercept can then be used to calculate the number of cellobiose molecules that TrCel7A 
hydrolyses (n). This can only be done if we consider the substrate to be in excess. The reason 
that the substrate needs to be in excess is that all the CHBI need to be bound to the cellulose 
chain so E0=ES. In the samples with the substrate concentration of 50g/L, the substrate is 
considered to be in excess and we can use the intercept from these samples, to derive n 
(Praestgaard, et al., 2011): 
𝑛 = 𝜋 [𝐸0]⁄
                      (3) 
Next the slopes was plotted as a function of reaction rate over time for blank, 1h and ON, from 
the three samples with different substrate concentration. The slope is a reaction rate and is 
therefore plotted against the three different substrate concentrations. Visually you can compare 
plot of the three slopes to a regular Michaelis Menten curve and see if slope from the biosensors 
measurements can be compared to the hyperbolic fit of a regular Michaelis Menten curve. 
 
#Time independent measurements – Michaelis Menten 
The measurements are done after 1hr and are expected to be at steady-state and can therefore 
be expressed by plotting the reaction rate (µM/sec) over the substrate concentration (g/L). Next, 
Origin was used to fit a hyperbolic function to the plot and this function can be related to the 
conventional Michaelis Menten equation.  
The Michaelis Menten graph was made in duplicates from eight different concentrations of 
Avicel. The highest concentration of substrate (80 g/L) had a high absorbance compared to the 
other concentrations that fitted as a hyperbolic function. This was shown in both duplicates.  
Together with the Michaelis Menten curve, a standard curve was made in duplicates from eight 
different concentrations of cellobiose (mM) and plotted as a function of absorbance. The 
highest concentration of cellobiose had an unreasonable high absorbance compared to the other 
concentrations that fitted as a linear function. This was shown in both duplicates.  
We have reason to suspect that the wells with the samples of 80g/L and the highest 
concentration in the standard curve have been contaminated. There might have been spilled a 
tiny amount of cellobiose in these wells. Therefore these samples have not been used the 
Michaelis Menten curve or in the standard curve. When the rest of the measurement in the 
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standard curve showed linearity and the Michaelis Menten curve already has levelled off at 50 
g/L it is justifiable to remove these measurements (See data in appendix 3). 
From the hyperbolic fit of the Michaelis Menten curve it is possible to derive Vmax and Km for 
the different samples from Origin. These represent the maximal rate of TrCel7A and the affinity 
of TrCel7A, respectively. 
Because the sample 1g/L in the ON sample was unreasonable high, looking at the Michelis 
Menten curve, in both duplicates, it was excluded from calculating the Vmax and Km for the ON 
samples. As we see in results this sample made a big different in Vmax and Km  and we decided 
to use the calculations without the 1g/L sample for ON when these are the numbers that visually 
looks like it fits the Michaelis Menten curve.   
We are interested in finding kon and koff and therefore we use equation (6) and (8) and the 
number of cellobiose molecules (n) from the biosensors measurement (Eqn. 3), to 
derive/estimate kon and off  (Cryus-Bagger, Elmerdahl, Praestgaard, Borch, & Westh, 2013). 
When we consider the substrate to be in excess to the enzyme the steady-state rate (pVSS) of 
the processive hydrolysis may be written as: 
𝑉𝑆𝑆 =
𝑆0𝐸0𝑘𝑜𝑛 𝑘𝑐𝑎𝑡(1−(
𝑘𝑐𝑎𝑡𝑝
𝑘𝑐𝑎𝑡+ 𝑘𝑜𝑓𝑓𝑝𝑝
)𝑛)𝑝
𝑘𝑜𝑓𝑓+𝑆0 𝑘𝑜𝑛𝑝𝑝
𝑝          (4) 
 
In practical terms, pVSS is the hydrolytic rate after the steady state has been reached, but before 
the reaction has significantly reduced the amount of available substrate.   
From the hyperbolic fit we can then define a maximal processive rate, pVmax, and a processive 
analog, pKm, of the Michaelis Menten constant as:  
𝑉𝑚𝑎𝑥 ≡ 𝐸0𝑝𝑘𝑐𝑎𝑡(1 −𝑝 (
𝑘𝑐𝑎𝑡𝑝
𝑘𝑐𝑎𝑡 + 𝑘𝑜𝑓𝑓𝑝𝑝
)𝑛)              (5) 
 
and 
𝐾𝑀 ≡
𝑘𝑜𝑓𝑓𝑝
𝑘𝑜𝑛𝑝
𝑝                   (6) 
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From these functions Eqn (4) can be reduced to the usual hyperbolic relationship between the 
steady-state rate and the concentration of substrate: 
𝑉𝑆𝑆 =
𝑉𝑀𝑎𝑥𝑆0𝑝
𝐾𝑀 + 𝑆0𝑝
            (7)𝑝  
Scheme 1, implies that pkcat >> pkoff, and this leads to simplified rate expressions. In particular, 
at a high substrate load, when S0 >> pKm, where the steady-state rate approaches the maximal 
value, when pVmax in Eqn (7), a Taylor expansion of Eqn (3) around pkoff/ pkcat << 1 yields: 
𝑉𝑀𝑎𝑥 ≈ 𝑛𝑝𝑘𝑜𝑓𝑓𝐸0𝑝              (8)  
These shows that we can calculate kon from Eqn (6) and estimate koff from Eqn (8). (Cryus-
Bagger, Elmerdahl, Praestgaard, Borch, & Westh, 2013) Even though koff is just an estimation 
it is a very good estimation and can almost be considered as a calculation.  
#PAHBAH assay 
The results of the hydrolysis of TrCel7A is cellobiose, thus the total concentration of the 
reduced sugar was treated as the concentration of cellobiose. However, the products of the 
hydrolysis of TrCel12A are both glucose and cellobiose. The ratio between the two varies 
depending on the time of incubation (Macarrón et al., 1993). Nevertheless, for the purpose of 
this project in order to see the depletion of the substrate after pre-treatment with TrCel12A, it 
was assumed that the concentration of sugar obtained after PAHBAH measurement is equal to 
the concentration of cellobiose. Depletion of the substrate concentration was calculated as 
follows: 
𝐷𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑣𝑖𝑐𝑒𝑙 % = 100% − (
𝐶∗−𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝐶∗
∗ 100%)         (9) 
where: 
𝐶∗[𝑀] =  
𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒[
𝑔
𝐿⁄ ]
𝑀𝑊𝑐𝑒𝑙𝑙𝑜𝑏𝑖𝑜𝑠𝑒[
𝑔
𝑚𝑜𝑙⁄ ]
         (10) 
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Depletion of Avicel substrate after pre-treatment with TrCel12A 
PAHBAH assay was done on the initial supernatant of the samples incubated with TrCel12A 
– 1h and ON, respectively as well as the blank sample. That assay was done in order estimate 
if the cellulose consumption by TrCel12A during the pre-treatment incubation significantly 
changes the substrate concentration. Results of that analysis are shown as the percentage of the 
depleted Avicel substrate (%) calculated according to the Eqn. (9) (Figure 13). 
 
 
 
 
 
 
 
Figure 13.Graph represents the reduction of the cellulose (%) in the samples pre-treated with TrCel12A in 
comparison with the initial concentration of the substrate sample. 
 
 
Figure 13 indicates highest reduction of Avicel in the substrates with the lowest concentration 
of the substrate – 3% in 1g/L incubated ON and 2,6% in 1g/L incubated for 1 hour. Blank 
values were subtracted from the samples.  
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#Results 
#Time dependent measurements – biosensor  
 
 
 
 
 
 
 
Figure 14.Biosensor 
measurements for three different substrate concentrations (1, 5 and 50 g/L) are presented in three different 
graphs with the three different pre-treatment methods – blank, 1h and ON. 
 
 
 
Figure 14 shows that in 1 g/L there is an increase in cellobiose concentration in the pretreated 
sample compared to the blank sample, almost twice as big in the ON sample and 4 times as big 
in the 1h sample. The 5 g/L and the 50 g/L shows increase in the 1h sample compared to the 
blank sample and a decrease in the sample pretreated ON.  
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Table 3. Slope and intercept calculated for the three concentrations of the blank, 1h and ON sample. 
 Slope (µM/s) Intercept (µM) 
 1 g/L 5 g/L 50 g/L 1 g/L 5 g/L 50 g/L 
Blank 0.486*10-2 1.415*10-2 1.761*10-2 0.146 2.341 3.035 
1 h 1.265*10-2 1.688*10-2 2.262*10-2 0.894 2.348 2.710 
Overnight 0.864*10-2 1.589*10-2 1.031*10-2 0.342 1.463 1.327 
 
These results show that in the blank and 1h sample the slope increases with the increase in 
substrate concentration. For the ON sample this is not the case for the 50 g/L. In all samples it 
is also showed that the slope is the highest in the 1h pre-treatment.  The intercept also increases 
of the substrate concentration increases. This is shown in all samples except in ON 50 g/L.  
Table 4. Number of cellobiose molecules (n) hydrolysed by TrCel7A, calculated from the samples of 50 g/L from 
Eqn (3). 
 Number of cellobiose molecules 
Blank 30.35 
1 h 27.10 
Overnight 13.27 
 
The number of cellobiose units is highest in the blank sample, with the next highest being in 
the 1 hour pre-treatment and the lowest in the ON pre-treated sample.  
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Figure 15.The slope of 1, 5, and 50 g/L 
plotted as a function of reaction rate 
over time for the blank, 1h and ON 
samples. 
 
The slopes plotted as rate over substrate concentration (Figure 15) are resembling hyperbolic 
curves while the ON pre-treated does not. 
#Time independent – Michaelis Menten 
 
Figure 16.Michaelis Menten curves made 
from 7 different concentrations of 
Avicel (0, 1, 2.5, 5, 10, 25 and 50 g/L). Blank, 
1h and ON pretreatment are shown in separate 
graphs with standard deviations for each 
point. 
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Figure 
17.Michealis Menten curve from the three different pre-treatments together in one graph. 
 
 
Table 5. Vmax and Km for the three different pre-treatment methods. 
Sample Vmax (µM/s) Km (g/L) 
Blank 1.35*10-2 2.41 
1h 4.08*10-2 2.52 
ON            3.60*10-2 3.58 
ON without 1g/L 3.91*10-2 4.95 
 
Vmax for 1h and ON without the 1g/L samples is about three times as big as Vmax for the blank 
sample. Km is about the same in the blank and 1h sample but twice as big in the ON sample.  
 
Table 6. koff and kon calculated with n from the 50 g/L  sample for the three different pre-treatment methods. 
Sample koff (s-1) kon (s-1L/g) 
Blank 4.448*10-3 0.185*10-2 
1h  1.506*10-2 0.597*10-2 
ON 2.946*10-2 0.595*10-2 
 
koff for the sample pre-treated 1h with TrCel12A is 3.4 times bigger than the blank sample, and 
the sample pre-treated overnight is 6.6 times as big as koff for blank. kon for the blank sample 
is 3.1 times as big as kon for the 1h and ON pre-treated sample.  
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#Discussion 
#Synergy between TrCel7A and TrCel12A 
As previously outlined, it has proven to be difficult to elucidate mechanistic explanation of 
cellulose hydrolysis. This is largely due to complex enzyme architecture and molecular detail 
(Kari, Olsen, Borch, Jensen, Westh, & Cruys-Bagger, 2014). Additional considerations with 
regard to the substrate and the enzyme-substrate interactions are also required to offer a more 
complete picture (Kari, Olsen, Borch, Jensen, Westh, & Cruys-Bagger, 2014). This has meant 
that responsible mechanisms of synergism are not very well understood. Given that, published 
data regarding synergism between endo and exo-cellulases has proven to be inconsistent 
(Wilson & Kostylev, 2012). The slowest step is known to be the rate-determining step and it is 
therefore pertinent to identify in the overall catalytic-cycle (Kari, Olsen, Borch, Jensen, Westh, 
& Cruys-Bagger, 2014). The enzymatic hydrolysis of cellulose to glucose by cellulases is one 
of the major steps involved in the conversion of lignocellulosic biomass to yield biofuel and is 
known to be the bottleneck in the overall process of converting biomass to biofuel. The major 
problem is a dramatic slowdown in the hydrolysis rate at high degrees of conversion. This 
happens in all hydrolysis with cellulases, even when the substrate is in plentiful. Typically it is 
seen that the rate of the hydrolysis decreases by an order of magnitude or more at low cellulose 
conversion and different experimental analysis has led to contradictory interpretations of this 
decrease in rate.  
To make the process of making biofuels economically viable increases in the hydrolysis rate 
and yields are necessary. This requires improvement in both enzymes and processing. Different 
studies have different explanation on why there is a slowdown in the hydrolysis (Zhang et. al, 
2006). Some investigations suggest that the slowdown in hydrolysis is a result on the 
heterogeneous nature of the insoluble substrate. Therefore, if various structures in the substrate 
have different susceptibility to the enzymatic attack, the slowdown may reflect depletion of the 
preferred types of substrate. (Zhang S., 1999) 
Other interpretations have pointed out the enzyme inactivation as a major cause of the 
decreasing rates. This inactivation could imitate the formation of a nonproductive enzyme-
substrate complex (Eriksson, 2002) or the adsorption of cellulases on a non-cellulosic 
component, such as lignin, although the role of the lignin still remains controversial (Berlin A., 
2006) 
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In ‘restart’ experiments two or more cellulases are used to hydrolyze the cellulose. This makes 
the slowdown rate less and thus the enzymes are considered to be in synergy. ‘Restart’ studies 
are when the cellulose is partially hydrolyzed, by pre-treatment with cellulase, then cleared of 
cellulases and finally exposed to a different cellulase dose. In these experiments the hydrolysis 
of cellulose faster, than cellulose that just have been exposed to one type of cellulase. These 
reactions are described by Bansal et al. and have alternatively suggested that enzyme 
inactivation and substrate heterogeneity are the main causes of decreasing hydrolysis rates 
(Bansal, 2009). 
Broadly speaking however, there persists two main and somewhat polarized schools of thought 
regarding the rate-limiting step; i) the complexing of the enzyme-substrate and ii) the reduced 
dissociation rate due to hindrance of the processive path of the enzyme (Kurasin & Valjamae, 
2001).  
Many studies have tried to come up with different explanations of how the synergism between 
cellulases works. Here follows some of the explanations that are found most valid.  
The synergistic action of cellulases namely an EG, CBH and BG brings about the hydrolysis 
of the cellulose with the cellulose chain as the point of attack (Figure 2). EGs are non-
processive enzymes which are believed to hydrolyze accessible intramolecular β-1,4-
glucosidic bonds of cellulose chains randomly to produce new chain ends, whereas CBHs 
processively cleave cellulose chains at the ends to release soluble sugars with cellobiose being 
the major component. CBHs can be categorized based on their preferences for the hydrolysis 
of the cellulose chain, where TrCel7A prefers to attack the reducing end, and TrCel6A the non-
reducing end. Lastly, the BGs hydrolyze cellobiose to glucose in order to eliminate cellobiose 
inhibition which is severe for TrCel7A. 
The primary hydrolysis that takes place on insoluble substrate surface releases soluble sugars 
into the liquid phase upon hydrolysis by EGs and CBHs. This enzymatic depolymerization step 
carried out by EGs and CBHs is the rate-limiting step for the complete process of cellulose 
degradation. This combined action of the EGs and CBHs alters the cellulose surface traits 
gradually leading to varied hydrolysis rates. Secondary hydrolysis that takes place in the liquid 
phase involves predominantly the hydrolysis of cellobiose to glucose by BGs, although some 
BGs also hydrolyze longer cellodextrins. (Zhang et. al, 2006)  
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The synergy between an endogluconase and an exogluconase, as described by Zhang et al. 
2006, is one of the most accepted explanations today. But new research has come up with 
different ways of looking at the synergy between these two enzymes.  
Jalak et al. 2012 terms an alternative explanation, rendering the synergistic action of the 
cellulases as a mandatory factor for efficient cellulose hydrolysis. An endo-exo mechanism of 
synergism is proposed where the hydrolysis of amorphous regions of the cellulose an EG 
avoids the hindrance of TrCel6A leading to an increased activity. Elaborating, the 
endoglucanase removes obstacles on the cellulose chain (also called surface “cleaning”). The 
exact nature of the obstacles is very indefinable, but it is suggested that they are related to the 
amorphous part of the cellulose. This ensures that the CBHs do not get “stuck” on the cellulose 
chain but rather gets released to make new attack points. Also Jalak et al. mentions that the 
synergistic actions between the EGs and CBHs have shown to be reciprocal, meaning that not 
only does CBHs benefit from the action of EGs, but also the action of CBHs renders the 
substrate more accessible to EGs (Jalak, Kurasin, Teugjas, & Priit, 2012) 
Ganner et al. 2012 on the other hand, is reporting that the synergy between cellulases is 
morphology-dependent and driven by the cooperativity between enzymes degrading 
amorphous regions and those targeting primarily crystalline regions. The evidence defines the 
degradation of polymorphic cellulose substrate as a cyclic pathway of alternating exposure and 
removal of crystalline fibers. In this observation, TrCel12A and TrCel6A make the cellulose 
surface accessible for TrCel7A by removing amorphous-unordered substrate areas, thereby 
revealing the otherwise embedded crystalline-ordered nanofibrils of the cellulose. These fibrils 
are then degraded by TrCel7A, thereby uncovering new amorphous areas. Cellulase activity 
therefore strongly depends on the mesoscopic structural features of the substrate, such as the 
size and packing of crystalline fibers (Ganner, Bubner, Eibinger, Mayrhofer, Plank, & 
Nidetzky, 2012). 
#Time dependent measurements – biosensor 
Biosensor measurements track the real-time change of the cellobiose concentration in the 
solution which is the result of the activity of the TrCel7A on the cellulose substrate. Figure 14 
indicates that for the substrate with all the concentrations, 1h pre-treatment with TrCel12A 
intensified the activity of TrCel7A, as the concentration of the cellobiose in the solutions is 
higher than the one in the blank sample not pre-treated with TrCel12A. In the substrate with 
concentration 5g/L and 50g/L pre-treated ON, activity of the TrCel7A seems to be lower than 
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enzyme activity on the blank sample. Further information is given by the shape of the graphs 
obtained from biosensors measurements. Recorded TrCel7A activity curve for 1h pre-
treatment is not as steep in comparison with the blank sample all the concentration of the 
substrate, what may suggest more exit point for an enzyme as it does not reach the steady state 
as fast. This observation is supported by the calculations of dissociation rate - koff, which is 3.4 
times higher in the 1h and 6.6 times higher in the ON pre-treated samples in comparison with 
the blank sample.  
Enzyme processivity is shown by the intercept obtained from the biosensor graphs (Figure 12). 
It was found that intercept increase with the higher substrate concentration (Table 3), hence the 
ability of the enzyme to catalyse the consecutive reactions without releasing its substrate 
increases. In the samples pretreated for 1h with TrCel12A, in the 1g/L substrate intercept 
processivity is 6 times higher, in 5g/L remains the same, while in 50g/L it is lower than the 
blank sample. Further analysis can be performed to obtain the n value (Eqn 3) which is the 
average number of hydrolysed cellobiose units per enzyme. The blank sample shows 30 units 
while the sample pre-treated 1h shows 27 units and 13 units for the ON sample (Table 4). The 
slope of the linear regression (Figure 12) - the reaction rate, is higher for all the samples in 
comparison to the blank sample, except the ON pre-treated 50g/L sample. The reaction rate 
can be obtained from these graphs as all the reactions were found to be at steady-state. All the 
values for all types of pre-treatment with 3 different substrate concentrations were plotted as a 
function of reaction rate over time. This graph (Figure 14) shows the pattern of increasing 
reaction rate in the sample pre-treated 1h with TrCel12A over the blank sample, which 
corresponds to the results obtained in the time independent measurements of TrCel7A activity.  
The lower activity of TrCel7A on the substrate pre-treated ON with TrCel12A can be explained 
either by experimental mistake or it leads to an open question if TrCel12A in the prolonged 
incubation with cellulose simply digests long sugar chains. If the results from the biosensors 
time dependent measurements are considered to be correct, then it is observed that the enzyme 
processivity is two-fold lower in the ON sample, compared to the blank sample. In this case 
we though accept the result from the ON 50 g/L to be a flaw. 
To sum up, time dependent measurement data indicates that pre-treatment with TrCel12A does 
not significantly change the processivity of TrCel7A but increases its reaction rate. 
Furthermore, analysis of the biosensors graphs and higher dissociation rate in the pre-treated 
samples can be an indication of more exit points processed by TrCel12A for TrCel7A. Hence, 
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an enzyme dissociates before the obstacle on the cellulose chain results in the higher reaction 
rate due to the enzyme becoming ‘stuck’, and is then capable of further hydrolysis activity. 
These data correspond to the findings from Jalak et al. where it was shown that EGs enable 
TrCel7A to dissociate from cellulose before amorphous region (Jalak, Kurasin, Teugjas, & 
Priit, 2012). 
#Time independent measurements - Michaelis Menten 
General observations 
The Michaelis Menten curves generated from our data quite clearly show obvious modulation 
of the Vmax and Km values depending on pre-treatment and the duration of the treatment (Table 
5).  As would be expected, an increase in substrate concentration leads to a higher Vmax value 
for all three variances in treatment (untreated, 1 hour and ON).  However, what can be 
highlighted from our data is that for each of the three variant treatments there is a upper 
threshold limit to increasing Vmax of approximately 50g/L. Another observation is that there is 
a noteworthy approximate threefold increase in Vmax observed between the untreated and both 
pretreated substrates. Additionally, there is also shown a two fold increase in Km between the 
untreated and ON pretreatment only, while there is no discernible difference for the Km between 
the untreated and the 1h. Looking at the sensitivity of the PAHBAH, one notices that the 
standard deviation for the different points varies a lot, which means that the sensitivity is poor. 
This has to be taking into account when reading the further discussion. 
Vmax  
Data collected from our experiments is consistent with the well-evidenced understanding of 
potentiated cellulose hydrolysis-rate due to synergism between endo and exo-hydrolytic 
cellulases. We were able to show a threefold increase in hydrolysis rate between the untreated 
samples and both the 1h and ON pretreated samples. It could be proposed from our results that 
pre-treatment with TrCel12A has resulted in an expedited koff values – in line with suppositions 
made by Kari et al. A derivative of this proposal could additionally be that pre-treatment by 
EGIII has modified the substrate to a more ‘preferred’ structure by way of removing ‘obstacles’ 
that hinder the processive cycle of TrCel17A, increasing the dissociation rate koff. This 
characterization of hydrolytic synergy would be in line with current literature (Kari, Olsen, 
Borch, Jensen, Westh, & Cruys-Bagger, 2014). Our data has yielded much higher koff rates for 
1h pre-treatment (~3.3 times higher) and for the ON pre-treatment (~6.6 times higher). As the 
koff rates directly relate to the number of ‘exit points’ that created, it again underscores and 
strengthens the argument for TrCel12A removing obstacles created by amorphous regions in 
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the substrate. Given that Vmax = n * koff * [E0] and n almost remains constant (~10% decrease 
for 1h compared to blank in the 50g/L) as does [E0] – it could be suggested again that Vmax is 
mostly increased due to the increased koff rate. Yang et al. are able to further strengthen the 
argument for reduced dissociation rate attributed to amorphous sections when they were able 
to show that a slow down in hydrolytic rate was not due to a decreased substrate reactivity. 
This led the authors to conclude that probable cause of slowed hydrolysis rate was probably 
due to the aforementioned hindrance (Yang, Willies, & Wyman, 2006).  
It could be suggested that the synergistic properties observed between TrCel12A and TrCel7A 
is due to TrCel12A cleaving the cellulose polymer chain at random locations and creating more 
reducing ends for TrCel7A to complex with. This theory however implies that there are 
unbound enzymes that at a given time are waiting to be complexed with the substrate and that 
an increase in available reducing ends would further potentiate the bound enzyme 
concentration subsequently yielding an increased Vmax. However, given how the data shows 
consistent and peaked Vmax at the approximate substrate concentration of 50g/L, it is quite 
reasonable to suggest that the vast majority of enzyme is already engaged or operating within 
the processive cycle. This by extension could rule out the suggestion of TrCel12A potentiating 
Vmax via an increase in reducing ends and in fact further strengthen the argument for TrCel12A 
removing amorphous sections of cellulose thereby facilitating dissociation rate of TrCel7A.  
Km 
As mention earlier Km for the ON sample is twice as big as Km for the samples blank and 
pretreated 1h. Km is half of the maximal reaction rate (½ Vmax), and an expression for substrate 
affinity – meaning that the higher the Km the lower the affinity of the enzyme. Therefore, we 
see that the affinity for the ON sample is much lower than for the blank and 1h. The expression 
of the low affinity in the ON sample is not an expression of that TrCel7A hydrolysis cellulose 
slower, but an expression of that less TrCel7A will be bound to the cellulose chain at low 
substrate concentrations.  Because TrCel7A is a processive enzyme it is also important to take 
the processivity into the account.  
The processivity for the ON sample was calculated from the biosensor measurements, but 
because we suspect that there was an error in the biosensor measurement, we do not consider 
the processivity valid. With that taken into account we cannot use the processivity to explain 
the low affinity of the ON sample – which would have been very useful.  
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What we can look into is that there is no significant difference in the affinity for the blank and 
1h sample. As previous mentioned there is many theories how TrCel12A help TrCel7A 
increase the hydrolysis rate. Ganner et al. 2012 explains how the synergy between cellulases 
is morphology-dependent and driven by the cooperativity between enzymes degrading 
amorphous regions and those targeting primarily crystalline regions. (Ganner, Bubner, 
Eibinger, Mayrhofer, Plank, & Nidetzky, 2012) This theory understates that there will be 
almost no change in Km when pre-treating cellulose with TrCel12A – assuming TrCel12A is 
most specific for the amorphous region of the substrate. Because the substrate has a layered 
structure of amorphous and crystalline fibers, TrCel12A will only have access to the outer 
amorphous cellulose and will therefore only hydrolyse this. This explanation validates why 
there is almost no change in Km of blank and 1h. If we take the processivity into account we 
also see that there is only a little difference between the pre-treated 1h and the not pre-treated 
– this correlated with the no significant difference in affinity for those two.  
#Comparison  
Comparisons of the time-dependent with time-independent measurements can be made by 
examining the look of the three different points for the different concentrations and visually 
comparing them to the Michaelis Menten curve from PAHBAH measurements. The Michaelis 
Menten curve included Avicel concentrations of 1, 5 and 50 g/L. When visually examining the 
three rates from the three substrate concentrations, one notices that 1, 5 and 50 g/L play an 
important role in the Michaelis Menten curve. They are all concentrations that represent the 
development of the hydrolysis excellently.  
1 g/L is within the burst phase of the hydrolysis of cellulose. This is the case for all three pre-
treatment methods. The ON 1 g/L had a poor fit with the hyperbolic function and it had quite 
a high rate compared to the rest of the measurements. The standard deviations for blank and 1h 
1g/L was relatively high and therefore also gives some uncertainty to the look of the Michaelis 
Menten curve. Even so, the look of the curve suggests that the 1 g/L still is in the burst phase.  
5 g/L is a concentration where the reaction rate starts to level off and it is therefore the 
concentrations around 5 g/L where the biggest change happens in the Michaelis Menten curve. 
In blank, 1h and ON this is the case. Also here one notices that the 1h sample has a high 
standard deviation which adds some uncertainty to the hyperbolic fit, but by the look of the rest 
of the concentrations and the blank and ON pre-treated we still consider 5 g/L to be where the 
reaction rate levels off.  
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50 g/L is where we can say that the Vmax definitely is achieved. The reaction is has reached 
steady-state and therefore the change in reaction rate is marginal. This is the case in all three 
pre-treated samples.  
It is worth mentioning that the 7 different concentrations did not fit perfectly on the hyperbolic 
function for the Michaelis Menten, but it is still acceptable to use the points as relevant 
comparisons to the slopes of the biosensor measurements.  
To compare the slopes from the biosensor measurement to the Michaelis Menten curve, one 
can imagine a hyperbolic function from the three slopes.  
Only taking the blank and 1h pre-treated samples in account, it is observed that the slopes of 1 
g/L presumably are in the burst phase as also showed in the Michealis Menten curve. The 
slopes of 5 g/L also fit in the assumption that this concentration is around the specific substrate 
concentration where the reaction rate starts to level off. Finally the slopes from the 50 g/L also 
align with the concentration where Vmax is achieved.  
The samples treated ON is considered invalid to compare with, when we assume that there is 
some flaws in the biosensor measurements. Therefore slopes from the ON samples are only to 
be used as a reference to the blank and 1h. Anyhow, the slopes from 1 and 5 g/L ON fit in with 
the same assumption as blank and 1h. Whereas for the 50 g/L sample the value does not 
corresponds to Vmax.  
So just by comparing the “look” of the slopes and the Michaelis Menten curve is safe to say 
that the time dependents and the time independent measurements supports each other.  
It is not possible to completely compare Vmax and Km for the Michealis Menten curve and the 
slopes. Firstly because it is not possible to make a prober hyperbolic fit to the three slopes, but 
more importantly the values of Vmax and Km because of the different time interval in the two 
measurements. In the biosensor measurements we measured from every second between 1-300 
seconds, which means we have a clear picture on what happened in every single second. In the 
PAHBAH measurements we incubated the pre-treated samples with TrCel12A for 3600 sec. 
In this measurement one only gets to know what had happened after 3600 and therefore we do 
not know how the progress has been within the 3600 sec. Due to this difference we do not 
expect identical values for Vmax and Km.  
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An estimate for Vmax and Km from the biosensor measurements would look something like the 
table below. 
Table 7:  An estimate for Vmax and Km from the biosensor measurements 
 Vmax (µM/s) Km (g/L) 
Blank ~1.75*10-2 ~2.5 
1h ~2.25*10-2 ~1 
ON - - 
 
From this one fast notice that the 1h pretreatet sample is very differet from the one obtained by 
the Michealis Menten curve. Vmax  and Km is  almost half the size of the one from the Michealis 
Menten curve.  On the other hand the Vmax and Km for the sample without TrCel12A 
pretreatment, is almost the same values as from the Michaelis Menten curve. The ON 
pretreatment is not estimates as the 50 g/L measurements presumably is wrong. 
We did not expect Km and Vmax form the slopes to be similar to the ones from the Michaelis 
Menten curve. This is due to the different time scale in the biosensor measurements and the 
PAHBAH measurements. Still, we observe almost identical values for the blank sample.   
#Limitation 
This project was planned from the beginning with the timeframe of a single semester, meaning 
the time spent preparing and working in a lab would be limited compared to the time a topic 
such as this one could demand. Knowing this, we were still able to accomplish most of what 
was planned and gain a range of results. 
That being said, using biosensors to gain a time dependent perspective was time-consuming 
process, thus making it difficult to have more than two trials per measurement. It also meant 
that doing the measurements in triplicates would be further time demanding and only done if 
necessary. Although triplicate readings would be the optimal choice, all the measurements done 
seemed to be mostly consistent, and were therefore considered valid.  
Had there been further focus on the use of biosensors, more cellulose concentrations could have 
been prepared such as 2.5 g/L and 10 g/L in order to gain a further understanding on how the 
change of concentration affected the rate and processivity of TrCel7A. This would also allow 
us to make a Michaelis Menten curve from the additional slope points as it is more reasonable 
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to derive a hyperbolic fit from five points rather than three, and further allow us to compare the 
time-dependent to the time-independent data attained from this project. 
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#Conclusion 
The use and processing of exhaustible fossil fuels along with resulting emissions has been 
largely attributed to current climate change. In light of this burgeoning dilemma, this report 
sought to further investigate ways in which the process of converting an abundant and 
renewable biomass to biofuel might further be potentiated. In this project the potential 
mechanism of synergy between the categorical non-processive TrCel12A and the processive 
TrCel7A cellulases were investigated in an effort to further disambiguate the renowned 
problematic step of cellulolytic hydrolysis in the overall refinement of cellulose to biofuel. This 
step has iteratively been highlighted as the major cost burden within the refinement process 
and has increasingly been the subject of scrutiny to improve viability of cellulose as biofuel 
potential.  
Synergy between TrCel7A and TrCel12A was quantitatively assessed through use of both time-
dependent and time-independent assays. From these assays, data was gathered in order to plot 
rates of cellulose digestion (direct measurement of cellubiose product through biosensors) and 
Michaelis Menton kinetic curves to characterize steady-state conditions. From this we were 
able to establish kon, koff, Km, n and Vmax values.  
The distinctive increases in Vmax that were observed for the pre-treated compared to the 
untreated samples along with increased koff rate values derived, strongly suggest that pre-
treatment with TrCel12A creates more exit points for TrCel7A. The witnessed decrease in 
processivity although slight, could add further credulity to this by qualifying the progressive 
run of TrCel7A as shorter due to said exit points being created before contacting amorphous 
sections. This is consistent and in line with literature that posits a similar mechanistic 
explanation of observed synergy, and strengthens the argument that suggests that TrCel12A 
does indeed cleave proximally to amorphous regions removing obstacles. 
#Future perspective 
As mentioned, this project was done within the time limit of a semester project, but had we 
had the chance to continue on further investigating this topic much could still be 
accomplished. An example is the calculation of kcat through the use of MatLab which would 
tell us how much substrate is converted to product. 
Continuations of the investigation could also include conducting more biosensor 
measurements with the same substrate concentration and pre-treatment parameters but with 
different concentrations of TrCel7A injected into the mixture, such as 200 µM and 300 µM. 
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Even conducting these same tests with TrCel6A, an enzyme with similar properties to 
TrCel7A, could also offer an interesting investigation as well as a direct comparison of the 
two enzymes. 
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#Appendices 
#Appendix 1 
 
 
 
 
 
 
 
 
 
Appendix 1a: Rawdata from one of the calibrations with biosensor 6. 
 
 
 
 
 
 
 
 
 
 
Appendix 1b: Rawdata from one of the calibrations with biosensor 6. Was made to see when the calibration 
started to level off. 
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Appendix 1c:  Standard curve 
made from the rawdata in appendix 1. 
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#Appendix 2 
 
Appendix 2a: Table of fluorensence signal from the 6 washing steps. 
Fluoresence Blank   1h   ON   
 50 g/L 5 g/L 1 g/L 50 g/L 5 g/L 1 g/L 50 g/L 5 g/L 1 g/L 
Original sample 54323554 70656527 83203993 54416812 70723960 83263040 65393008 90537104 81121264 
1. wash 22424724 5903055 1763317 22517982 5970488 1822364 21124308 4816616 3049303 
2. wash 10528474 538723.4 50179.2 10621732 606156 109226 5586880 347128 125137 
3. wash 2800192 81076.4 42136.2 2893450 148509 101183 1678312 75269 54779 
4. wash 1278247 18770.4 7559.2 1371505 86203 66606 756729 38096 44911 
5. wash 572697.6 21076.4 39005.2 665956 88509 98052 351755 44234 25554 
6. wash 152648.6 36978.4 8898.2 245907 104411 67945 542274 386375 285783 
 
Appedix 2b:Table of number of moles left en the sample from the 6 washing steps. 1h and ON subtracted blank. 
Number of moles [µmol] 1h   ON   
 50 g/L 5 g/L 1 g/L 50 g/L 5 g/L 1 g/L 
Original sample 1340.366 1751.516 2067.373 1616.67 2250.272 2013.458 
1. wash 537.3771 121.4773 17.26774 502.2942 92.43092 48.15347 
2. wash 237.9129 n.d n.d 111.1707 n.d n.d 
3. wash 43.36897 n.d n.d 12.78032 n.d n.d 
4. wash 5.057067 n.d n.d n.d n.d n.d 
5. wash n.d n.d n.d n.d n.d n.d 
6. wash n.d n.d n.d n.d n.d n.d 
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#Appendix 3 
 
Appendix 3a: Table of PAHBAH measurements with standard deviations.  
Avicel conc. (µM) Blank (µM/s) Std. Dev 1h (µM/s) Std. Dev ON (µM/s) Std. Dev 
0 0.00017 1.34E-09 0.001322 0.00085 0.001153 0.00083 
1 0.005615 0.00252 0.009334 0.00184 0.013931 0.009701 
2.5 0.005792 7.01E-05 0.019709 0.00087 0.01176 0.00023 
5 0.009405 0.00011 0.033095 0.014111 0.023817 0.00389 
10 0.00995 0.00194 0.029022 0.00159 0.022198 0.00248 
25 0.012008 0.00102 0.034495 0.007261 0.033237 0.00038 
50 0.013882 0.00254 0.041348 0.00124 0.036051 0.00229 
 
 
